Abstract Nm23-H1significantly reduces metastasis without effects on primary tumor size and was the first discovered metastasis suppressor gene. At least three mechanisms are thought to contribute to the metastasis-suppressive effect of Nm23-H1: (a) its histidine kinase activity toward ATP-citrate lyase, aldolase C, and the kinase suppressor of ras, with the last inactivating mitogen-activated protein kinase signaling; (b) binding proteins that titer out ''free'' Nm23-H1and inhibit its ability to suppress metastasis; and (c) altered gene expression downstream of Nm23-H1, particularly an inverse association with the lysophosphatidic acid receptor endothelial differentiation gene-28 (EDG2). Most metastasis suppressor genes, including Nm23-H1, affect metastatic colonization, which is the outgrowth of tumor cells in distant locations; therefore, they are of high translational interest. A phase II trial is ongoing to test the hypothesis that a compound, high-dose medroxyprogesterone acetate (MPA), used as an unconventional gluocorticoid, will stimulate breast cancer cells to reexpress Nm23-H1and limit subsequent metastatic colonization.
Background
Most cancer patients die of metastatic disease, either by direct organ compromise, paraneoplastic syndromes, or treatment complications. Despite this, few metastasis-related molecular pathways have been translated to the clinic. The development of antimetastatic therapies is conceptually challenging: by the time a high-risk patient is diagnosed and the primary tumor is treated, it is likely that tumor cells have already invaded and are sitting in distant organs as occult micrometastases. Thus, invasion and other early parts of the metastatic process have been completed and may be irrelevant for therapeutic blockade. Metastatic colonization, the growth of tumor cells in a foreign environment to form detectable and life-threatening lesions, remains incomplete in many cancer patients and may serve as an important therapeutic target (1) . Metastasis suppressor genes comprise a class of genes with activity in metastatic colonization that may be amenable to therapeutic development (2) .
The first discovered metastasis suppressor gene was nm23. In a screen for genes differentially expressed between tumorigenic, metastatic murine melanoma cell lines and related tumorigenic nonmetastatic lines, nm23 expression was reduced in the highly metastatic samples (3, 4) . Similar trends were identified in other model systems. Low Nm23-H1 expression in human tumors often correlated with poor patient survival (5 -11) although it is not considered to be an independent prognostic factor. Importantly, the transfection of nm23 into highly metastatic K-1735 melanoma cells reduced their in vivo metastatic ability by 52% to 96%, with no effect on the primary tumor size (12) . No difference in tumor cell proliferation was observed in vitro, in agreement with the primary tumor size data. Similar trends were observed in transfection experiments with breast, colon, oral, and hepatocellular carcinoma and melanoma cell lines (13 -19) . With the use of an adeno-associated virus gene therapy vector, an nm23-H1 construct was delivered into an ovarian carcinoma model of peritoneal metastasis. It was expressed by the tumor cells and significantly extended mouse survival (20) . The metastasissuppressive effects of Nm23-H1 were confirmed when Lacombe and colleagues developed an nm23 knockout mouse. When induced to develop hepatocellular cancer, the rate of tumor formation in the liver was unchanged between the knockout and wild-type mice; however, the knockout mice developed 2-fold more pulmonary metastases (21) . Although eight human nm23 homologues have been identified, only H1 and H2 have been extensively studied for metastasis-related properties (22) .
How Nm23-H1 inhibits metastasis and, in particular, metastatic colonization has been the subject of intense research, with multiple false steps. Its mechanism of metastasis suppression has been studied on three levels, including an assessment of its intrinsic biochemical activities, its protein to protein interactions, and its alteration of downstream gene expression (Fig. 1). on an internal histidine, followed by the high-energy transfer of the phosphate to a nucleoside diphosphate in a reversible manner. No correlation of nucleoside diphosphate kinase activity and metastasis suppression has been observed, which leads to the conclusion that it is not likely involved in metastasis biology.
The Nm23-H1 phosphohistidine participates in another enzymatic activity, that of a histidine protein kinase. Histidine kinases are well known in bacteria and lower eukaryotes, in which they form a major signal transduction pathway to extracellular events (two-component systems). They are poorly studied in mammalian cells (23, 24) because the acid lability of histidine phosphate renders it invisible on most gels; phosphohistidine lacks an antibody, and it has high-energy, fast kinetics.
Three substrates for Nm23-H1 as a histidine kinase have been identified: ATP-citrate lyase, aldolase C, and the kinase suppressor of ras (Fig. 1A) . ATP-citrate lyase (25) links lipogenesis to glucose metabolism (26) . This enzyme has enjoyed a renaissance in the field of cancer energetics, with studies showing its potentiation of tumor growth (27) . Nm23-H1 phosphorylates a histidine residue on ATP-citrate lyase; however, the physiologic effects of this phosphotransfer remain unknown. Aldolase C is best studied in the brain, where it protects cells from hypoxic stress (28) . Aldolase C is the bestshown substrate of Nm23-H1 because it cannot autophosphorylate; Nm23-H1 phosphorylates an asparagine residue, a common substrate for histidine kinases in bacteria (29) . Again, the physiologic consequences of this pathway are not worked out. The kinase suppressor of ras was identified as a potential substrate of Nm23-H1 through a homology search of twocomponent pathway substrates affecting the mitogen-activated protein (MAP) kinase pathway of the plant Arabidopsis. In mammalian cells, the kinase suppressor of ras is a scaffold for the extracellular signal-regulated kinase (ERK)/MAP kinase pathway; it assembles Raf, MEK, and MAP kinases, and accessory proteins into a physically tractable unit for efficient signaling. Nm23-H1 phosphorylated serines 392 and 434 of Fig. 1 . Nm23-H1suppression of tumor metastasis may depend on at least three pathways. A, Nm23-H1is a histidine protein kinase; its substrates include aldolase C, ATP-citrate lyase, and the Ksr, which is a scaffold for the MAP kinase pathway. Differential expression levels of Nm23-H1result in altered binding of Hsp90 to Ksr, which leads to changes in its degradation and, consequently, ERK activation. B, binding proteins can titrate out free Nm23-H1, resulting in the loss of suppressive capacity.Viral proteins, the Pn protein, transcription factors, and TGF-h signaling intermediates bind Nm23-H1. C, a number of cell surface receptors and growth factors are up-regulated in expression as Nm23-H1is down-regulated. Of these, the receptor for serum LPA, EDG2, is capable of overcoming the Nm23-H1inhibition of both motility in vitro and metastasis in vivo. D, other activities for Nm23-H1include a DNA exonuclease activity and a member of the set complex, which may potentially contribute to antimetastatic function. Ksr, kinase suppressor of ras; MAP, mitogen-activated protein; Hsp, heat shock protein; ERK, extracellular signal-regulated kinase; Pn, prune; TGF, transforming growth factor; LPA, lysophosphatidic acid.
the kinase suppressor of ras, with a concomitant reduction in pErk activity in tumor cells (30) . This seems to be an effect of the increased binding of heat shock protein 90 to the kinase suppressor of ras scaffold that results in the degradation of the kinase suppressor of ras (31) . In agreement with these data, high Nm23-H1 expressing breast carcinoma cells were preferentially inhibited in colonization assays by the heat shock protein -90 inhibitor 17-allylamino-17-demethoxygeldanamycin (17-AAG; ref. 31) . Therefore, reduced metastatic colonization might result from low extracellular signal-regulated kinase activation due to scaffolding problems.
It has been difficult to prove that the histidine kinase activity of Nm23-H1 is responsible for some or all of its metastasissuppressive activity. In our laboratory, we made multiple attempts to obtain transfectants of a histidine-mutated Nm23-H1 in several tumor cell lines. We were, however, only able to obtain an occasional transfectant, thus suggesting that other mutations had also simultaneously occurred to permit viability. It would be interesting to determine if the histidine kinase inhibitors currently in development for the treatment of bacterial infections have antimetastatic activity.
Binding Proteins
High levels of Nm23-H1 protein do not completely inhibit metastasis or in vitro correlates of metastasis in any studied model system. The pathways that mediate metastasis are redundant; the inhibition of one pathway can be overcome by others that remain operative. The literature also suggests that Nm23-H1 may be present but functionally inactivated by binding proteins. The list of Nm23-H1 binding proteins is lengthy. However, the most relevant proteins are those that have been confirmed in both in vitro and in vivo experiments, in addition to those in which biological functions have been altered by the protein to protein interaction (Fig. 1B) . Whereas none of the Nm23-H1 binding proteins have progressed to clinical testing, several have prompted new translational approaches to metastatic disease.
One of the best studied Nm23-H1 binding proteins is a latent protein encoded by the EBV nuclear antigen 3C. EBV is a common human virus that is associated with a number of human cancers, including Burkitt's lymphoma, nasopharyngeal carcinoma, Hodgkin's disease, and AIDS-associated and transplant-associated immunoblastic lymphoma. Some reports link EBV to breast (32) and gastric cancers (33) although this point is debated. Of the 90 genes encoded by the EBV genome, 9 are latently expressed. Of these, EBV nuclear antigen 1 stimulated the tumorigenicity and metastasis of a nasopharyngeal cell line (34) . EBV nuclear antigen 3C, a transcription factor, interacts with Nm23-H1, which results in enhanced transactivating activity (35, 36) . Both latent EBV proteins bind Nm23-H1 and inactivate its motility-suppressive effects (35) . The expression of EBV nuclear antigens 1 and 3C in MDA-MB-231 human breast carcinoma cells increased ascites and lung metastases in vivo, which was reversed by Nm23-H1 overexpression (37) . Similarly, the E7 oncoprotein of human papilloma virus binds Nm23-H1 and regulates tumor cell motility (38) . The data suggest the very provocative hypothesis that viral proteins not only induce certain types of cancers but may be involved in their progression and highlight the potential importance of prophylactic vaccination strategies.
Another interesting Nm23-H1 binding protein is prune, which is studied in the Zollo laboratory. Homology searches revealed that prune shares domains with a family of phosphodiesterases. This activity was confirmed by the hydrolysis of the phosphodiester bonds of cyclic nucleotides by the recombinant prune protein. Prune overexpression in a breast cancer cell line stimulated its in vitro motility, which was abrogated by the simultaneous overexpression of Nm23-H1 (39). Nm23-H1 and prune were reported to bind in vitro (40) , suggesting that each protein serves to titer out the ''free'' or bioavailable concentration of the other. Complex formation is regulated by the Nm23-H1 serine-phosphorylation status regulated by casein kinase I (41) . Prune expression has been correlated with tumor aggressiveness in gastric cancer, breast cancer, and sarcoma (42 -44) . Dipyridamole and other inhibitors of prune phosphodiesterase activity suppress tumor motility in vitro and may have therapeutic potential (39) .
Other reported Nm23-H1 binding proteins include the T-cell lymphoma invasion and metastasis 1, a guanine nucleotide exchange factor for Rac1 (45) . Nm23-H1 also binds estrogen receptor a, which results in an altered pattern of estrogenstimulated gene expression (46) . Strap, a Ser-Thr kinase receptor -associated protein, binds the transforming growth factor-h receptor and inhibits its interaction with Smad7. The binding of Nm23-H1 to Strap enhanced its inhibition of transforming growth factor-h signaling (47) . Proteins, such as integrin cytoplasmic domain -associated protein 1a, that tethers the h 1 -integrin cytoplasmic domain to control cell adhesion and motility (48) bind the H2 homologue of Nm23 that forms supercomplexes with Nm23-H1.
Because Nm23-H1 can be expressed but is biounavailable, the presence of binding proteins provides a mechanistic understanding of why Nm23-H1 expression is not of independent prognostic importance on multivariate analysis. A cautionary note: Nm23 proteins are sticky, and many nonspecific interactions have been reported with a single experimental approach. This stickiness also contributes to the difficulty in purifying Nm23 that has led to the publication of multiple activities that turned out to be contaminants.
Altered Gene Expression
A third piece of the mechanistic puzzle for metastasis suppression is changes in gene expression that result from low versus high levels of Nm23-H1 expression in tumor cells. With the use of microarrays, differential gene expression patterns were determined in control and nm23-H1-transfected breast carcinoma cell lines. The inordinate number of candidate genes was pared down with the use of gene expression data from two additional controls, breast cancer cell lines transfected with two mutations of Nm23-H1 that diminish its inhibition of tumor cell motility in vitro. Whereas few genes were upregulated in this model system, a number of potentially important receptors and growth factors were down-regulated by wild-type, but not mutant Nm23-H1 expression, including c-Met (hepatocyte growth factor receptor), endothelial differentiation gene (EDG) 2 (lysophosphatidic acid receptor), L1CAM (cell adhesion molecule), Smoothened (part of the Hedgehog signaling pathway), Frizzled (part of the Wnt signaling pathway), and the growth factors connective-tissue growth factor and pleiotrophin. The relevance of the model system was confirmed when published breast cancer microarray databases were queried, and the mRNA expression of each protein was significantly inversely correlated with Nm23-H1 expression in human tumors. We asked if the reexpression of each protein in Nm23-H1 expressing, poorly motile breast carcinoma cells could overcome Nm23-H1 suppression and induce in vitro motility. Of these genes, only EDG2 restored motility to Nm23-H1 -suppressed cells (49) . To confirm and extend this observation, breast carcinoma cell lines that expressed Nm23-H1 and either a vector or EDG2 were tested for full metastatic ability in mice. EDG2 reexpression restored full metastatic ability to the Nm23-H1 -expressing tumor cells (50) . Again, the primary-tumor size was not significantly different. The initial steps of the metastatic colonization of the lungs were quantified by intravital microscopy on labeled tumor cells. Tumor cells that expressed Nm23-H1 and Nm23-H1/EDG2 arrived in the lungs at comparable rates after injection; however, EDG2 enhanced retention in the lungs 8-to 13-fold after several hours (50) . The data establish that one mechanism of Nm23-H1 suppression of metastasis stems from its down-regulation of EDG2 expression.
EDG2 is a G-protein -coupled receptor for lysophosphatidic acid. Lysophosphatidic acid is a ubiquitous component of serum. Its levels were increased in pleural effusions of ovarian carcinoma (51) and exogenously supplied lysophosphatidic acid -enhanced metastasis in ovarian and colon carcinoma model systems (52, 53) .
Other activities ascribed to Nm23-H1 include a DNA exonuclease (54) and granzyme A -activated DNase (55) . The confirmation of these activities and a delineation of their mechanistic contribution to metastasis suppression are awaited.
Clinical-Translational Advances
Stimulation of Nm23-H1 expression in micrometastatic breast cancer. Suppressor-gene research has been notoriously difficult to translate to the clinic. When a panel of human breast carcinomas was interrogated for several characteristics of Nm23-H1, allelic deletion of the gene was noted; there were no mutations in the coding sequence. Only reduced Nm23-H1 expression, regardless of allelic deletion status, significantly correlated with poor patient survival (56) . The data suggested that although nm23-H1 mutations are rare and that allelic deletions occur, Nm23-H1 protein levels were most important. This suggested that Nm23-H1 expression was simply ''turned off'' and that a compound could be identified to turn gene expression back on with potential therapeutic activity.
A number of compounds have been reported to stimulate Nm23-H1 expression in vitro. These include: (a) acetylsalicylic acid, which up-regulated Nm23 and down-regulated Bcl2 and CD44v6 expression in SW480 colon carcinoma cells, with antiproliferative and antiinvasive effects (57) (63); and (g) 5-azadeoxycytidine, which elevated the Nm23-H1 expression of two breast cancer cell lines with hypermethylated CpG islands in the nm23-H1 promoter (63) . None of these compounds were expected to be specific for Nm23-H1 expression. The experience with the DNA methylation inhibitor 5-aza-deoxycytidine is illustrative of the potential problems in advancing cell line data. Whereas this agent reversed the DNA-methylation pattern of a CpG island in the nm23-H1 promoter in two metastatic breast carcinoma cell lines, the examination of multiple CpG islands in 20 human breast carcinomas found no differences in their DNA-methylation status regardless of whether the tumor cells expressed high or low Nm23-H1 protein levels (64) .
The analysis of the nm23-H1 promoter revealed a 248 bp region that regulated reporter activity by 2-to 5-fold. The region contained a cassette of transcription-factor binding sites present in the mammary tumor virus -long terminal repeat, the wheyacid protein promoter, and the promoters of milk genes. The deletion of these sites reduced reporter expression and confirmed their functional involvement in regulating nm23-H1 expression (64) . In the mammary tumor virus -long terminal repeat, this cassette of transcription factors is regulated by glucocorticoid response elements. In agreement with this prediction, dexamethasone elevated the Nm23-H1 expression of metastatic breast carcinoma cells when cultured in a corticosteroid-free medium; however, dexamethasone was ineffective at elevation of Nm23-H1 expression when the endogenous levels of corticosteroids in fetal bovine serum were present.
Medroxyprogesterone acetate (MPA) binds the progesterone, androgen, and glucocorticoid receptors; it binds the latter through both a conventional and a novel protein to protein interaction (65) . MPA, at high doses, elevated the Nm23-H1 expression of progesterone receptor -negative (PR -) metastatic MDA-MB-231 and MDA-MB-435 breast carcinoma cell lines in vitro and inhibited their anchorage-independent colonization (66) . To determine if Nm23-H1 induction or alternatively other effects were responsible for the inhibition of anchorageindependent growth by MPA, the MDA-MB-231 breast carcinoma cell line was transfected with an antisense nm23-H1 construct so that MPA could not elevate Nm23-H1 expression. Approximately 90% of the colonization-inhibitory effect of MPA was abrogated in the antisense transfectants, which indicated that the elevation of Nm23-H1 expression was a significant factor in this phenotypic effect of MPA (67) . Other studies have reported that MPA can advance experimental mammary cancers. These effects are mediated through the progesterone receptor and use at least a log-higher concentration of MPA.
High-dose MPA was tested as a single agent and in combinations in advanced breast cancers as a hormonal treatment (reviewed in ref. 68) . Although some responses were found, an optimal dose and schedule were never established favoring tamoxifen. Two of the older trials that used long-term MPA dosing reported 12-year and 13-year follow-up data, and a retrospective subset analysis suggested a benefit in postmenopausal patients. A total of 950 patients were randomized to chemotherapy [cyclophosphamide, methotrexate, and fluorouracil (CMF) in one trial; cyclophosphamide, doxorubicin, and fluorouracil (CAF) in the other] with or without a 6-month course of MPA, given in a 1-month induction, 5-month maintenance protocol (69, 70) . In both trials, the MPA-treated postmenopausal subsets of patients had improved disease-free survival (cyclophosphamide, doxorubicin, and fluorouracil, P = 0.01; cyclophosphamide, methotrexate, and fluorouracil, P = 0.06 for node-negative and P = 0.002 for node-positive patients). Longer overall survival was noted in the postmenopausal arm (P = 0.02) for patients receiving CAF. Intriguingly, patient responses were not well correlated with progesteronereceptor expression (69, 71, 72) , which suggested that more recent data showing that MPA interacts with the glucocorticoid receptor (GR) may be relevant.
To test the hypothesis that high-dose MPA could stimulate the Nm23-H1 expression of breast cancer cells through the GR and inhibit metastatic colonization, estrogen-receptor -negative and progesterone-receptor -negative MDA-MB-231 breast cancer cells were injected into immunocompromised mice. Micrometastases formed in the lungs 4 weeks later, at which point mice were randomized to vehicle or MPA given on a 1-month induction and thereafter maintenance schedule. MPA reduced the number of gross pulmonary metastases by 33% to 62% as well as the incidence and size of metastases. Side effects were limited to weight gain; no difference in bone density, mammary histology, or lean to fat tissue ratio was noted (67) .
Based on these data as well as the potential antiangiogenic effects of MPA, a phase II trial was initiated to test the new potential application of MPA. The primary objective is to determine the clinical benefit of MPA monotherapy and MPA+ low-dose oral cyclophosphamide and methotrexate (metronomic therapy, IdoCM) in postmenopausal patients with refractory-hormone receptor -negative metastatic breast cancer. A starting daily oral dose of 1 g MPA will be administered and increased to 1.5 g if serum concentrations are <50 ng/mL. In a second cohort, metronomic IdoCM will be administered based on its reported antiangiogenic activity (73) . Preclinical studies suggested greater activity when metronomic chemotherapy is combined with a second antiangiogenic agent (74, 75) .
Several pharmacodynamic measurements will estimate whether the Nm23-H1 pathway was affected in this trial. The formalin-fixed, paraffin-embedded block from the patient's primary tumor will be stained for Nm23-H1 expression. Multiple studies indicate that metastases express Nm23-H1 levels that are either comparable or less than that of the matched primary tumor (76 -80) . Multiple skin biopsies will be obtained from consenting patients to determine if Nm23-H1 expression is elevated. An elevation in the Nm23-H1 expression of the basal skin layer was observed in preclinical studies. 3 For the potential antiangiogenic effects of MPA, plasma thrombospondin and plasminogen activator inhibitor-1 levels will be studied.
Although MPA fell out of use in breast cancer in favor of tamoxifen, its use in endometrial cancer has continued. A recent multicenter study enrolled 45 young patients with endometrial cancer or atypical hyperplasia, with a daily oral dose of 600 mg MPA with low-dose aspirin. The study objective was to preserve fertility. Either estrogen-progestin therapy or fertility treatment was provided to responders after MPA therapy. The primary end point, pathologic complete response, was obtained in 55% of endometrial carcinoma cases and 82% of atypic hyperplasia cases. Two patients had grade 3 body weight gain, and one patient had grade 3 liver dysfunction. During a 3-year follow-up period, 12 pregnancies and 7 normal deliveries were achieved. Fourteen recurrences were found in 30 patients between 7 and 36 months (81) . Similar results were reported in a second trial that used 400 mg daily (82) .
Differential gene expression. Another exciting avenue of translation involves proteins whose expression is altered by low levels of Nm23-H1 expression. Data in mouse models and cohorts of human tumors indicate that low Nm23-H1 -expressing breast tumors coordinately express high levels of the lysophosphatidic acid receptor EDG2 (49, 50) . Lysophosphatidic acid is present at high levels in the bloodstream and could widely fuel metastatic colonization. EDG2 inhibitors may therefore represent attractive targets for breast cancer patients whose tumors express low Nm23-H1 levels. Ki16425 is an antagonist of EDG receptors, with submicromolar inhibition of EDG2 and EDG7 (83) . In preclinical bone metastasis studies, animals with established MDA-BO2/green fluorescent protein bone metastases were treated daily from day 14 to 30 postinjection by 20 mg/kg Ki16425. An 81% reduction in bone lesion on X-ray and an absence of GFP signal was observed, with an 84% reduction in metastatic Ki-67 staining (84) . This inhibitor and others aimed at EDG2 stand as candidates for advancement to trials.
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